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ABSTRACT: This paper is concerned with the design of A-C diblock copolymer surfactants for stabilizing
mixtures of weakly segregated A and B homopolymers. Component A was saturated polybutadiene with 89%
1,2-addition, component B was polyisobutylene, and component C was saturated polybutadiene with 63% 1,2-
addition. The C-block exhibits attractive interactions with B and repulsive interactions with A. The effect of the
molecular weight and concentration of the A-C block copolymer on the phase behavior of critical A/B mixtures
was studied by small-angle neutron scattering. We show that organized microphases are obtained when as little
as 1 vol % of the A-C copolymer is added to a 50/50 A/B mixture. In contrast, in the well-studied case of
A/B/A-B mixtures, 9 vol % of the A-B diblock copolymer is needed to obtain organized microphases in a
50/50 A/B mixture. Self-consistent-field theory (SCFT) calculations, using independently determined Flory-
Huggins interaction parameters and statistical segment lengths, predicted the size of the organized microphases
within 10% of the experimental value for most temperatures and concentrations of diblock copolymer. The
theoretically predicted phase boundary between organized microphases and macrophase separation was in good
agreement with experiments.

1. Introduction

This paper is part of a series on designing A-C diblock
copolymer surfactants for A and B homopolymers.1-5 In
previous work, organized microphases were obtained by the
addition of an A-C diblock copolymer to critical mixtures of
A and B homopolymers. The design of the A-C surfactant is
based upon the design of nonionic surfactants in oil/water
systems where A is an alkane, B is water, and A-C is an alkyl
polyglycol ether molecule.6-11 In both the polymeric and
aqueous systems, the A-C surfactant is designed such that the
C-block has attractive interactions with the B homopolymer and
repulsive interactions with the A homopolymer. The present
study is motivated by other studies in which A-C or C-D
copolymers with attractive and repulsive interactions (diblock
copolymers, graft copolymers, reactive compatibilization, etc.)
are used for compatibilizing A and B homopolymers.1-5,12-22

Traditionally, the approach has been to use an A-B diblock
copolymer to organize A and B homopolymers.23-55

One parameter for gauging the effectiveness of a surfactant
is the minimum concentration (volume fraction) of that surfac-
tant that is required to organize a given blend of immiscible
fluids (φs,min). In this paper we restrict our attention to weakly
segregated 50/50 A/B blends. Previous studies utilizing A-C
surfactants have not yet proven that they are more effective than

A-B surfactants at reducing the concentration of surfactant
needed for creating organized phases.1-5,12-15 In ref 2, for
example, it was shown thatφs,min) 0.1 for A/B/A-C mixtures,
which is similar to the result obtained in A/B/A-B mixtures.
In this paper we will show that tuning the interactions between
the components in A/B/A-C mixtures can lead to a substantial
reduction inφs,min. In fact, the value ofφs,min obtained in the
present study is lower than that of all previous studies on A/B/
A-B polymer blends. Our experiments on A/B/A-C blends
and previous experiments on A/B/A-B blends are limited to
weakly segregated A and B homopolymers. Our studies thus
far do not directly address the possibility of designing effective
surfactants for highly immiscible polymers.

The phase behavior of A/B/A-C polymer blends depends
on the molecular weight of the A and B homopolymers, the
molecular weights of the A- and C-blocks of the copolymer,
volume fraction of the copolymer, three Flory-Huggins interac-
tion parameters,øAB, øAC, andøBC, and the statistical segment
lengths of A, B, and C chains. Because of the vastness of
parameter space, it is important to use theoretical calculations
to guide the design of A-C surfactants. One of the goals of
this paper is to establish a comprehensive theoretical framework
for predicting the phase behavior of A/B/A-C polymer blends.
We use self-consistent-field theory (SCFT) to describe the
properties of organized microphases (lamellar phases and
microemulsions), the random phase approximation (RPA) to
describe homogeneous phases, and Flory-Huggins theory
(FHT) to describe macrophase-separated systems.4,13,47,56-63 The
ø parameters and statistical segment lengths (l) needed to
complete the theoretical calculations were determined from
small-angle neutron scattering measurements on homogeneous
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binary blends. The theoretical results are thus compared with
experimental results without resorting to adjustable parameters.

2. Experimental Methods

In the A/B/A-C polymer blends, component A was saturated
polybutadiene with 89% 1,2-addition (sPB89), component B was
polyisobutylene (PIB), and component C was saturated polybuta-
diene with 63% 1,2-addition (sPB63). A-C diblock copolymers
in which one block is sPB89 and the other block is sPB63 are
labeled sPBPB. (The prefix “s” stands for “saturated” and is
replaced by “h” or “d” when we wish to specify whether the
polymer is hydrogenated or deuterated.)

Polybutadiene homopolymers and diblock copolymers were
synthesized via anionic polymerization and the CdC double bonds
were saturated with hydrogen or deuterium gas per methods
described in refs 4 and 5. Polyisobutylene was synthesized via
cationic polymerization, also described in refs 4 and 5.

All saturated polybutadiene and polyisobutylene polymers were
characterized using known methods4 to determine the density,
weight-averaged molecular weight, polydispersity index, and % 1,2-
addition (for the saturated polybutadiene polymers). The charac-
terization parameters are summarized in Table 1 for the polymers
used in this study. The composition labels for our samples are based
on our targets. Samples wherein the % 1,2 addition deviated more
than 2% from the targets were discarded.

Binary and multicomponent polymer blends were created via
methods described in ref 4. The samples were pressed between two
quartz disks and then annealed at 90°C for 10 min to erase the
effects of the shearing force applied to the sample during pressing.
As thermal history can have a large effect on the phase behavior
in polymer blends, some of the samples were also prepared and
annealed at 35 and 150°C, which will be described further in the
Results section.

Small-angle neutron scattering (SANS) experiments were con-
ducted on the NG7 beamline at the National Institute of Standards
and Technology in Gaithersburg, MD.64 Using standard procedures,
raw data were converted to absolute coherent scattering intensity,
I, as a function ofq (q ) 4π sin(θ/2)/λ, θ is the scattering angle,
λ is the wavelength of the incident beam), after corrections for
detector sensitivity, background, empty cell, and incoherent scat-
tering were made, using standard procedures.65 For the deuterated
components, corrections for the nonuniformity of deuterium labeling
were made.66 The upper limit of the SANS sample holder was 200
°C. For all of the SANS data in this paper, the error inI was less
than the size of the data points in the vicinity of the peaks that
were observed.

Small-angle light scattering (SALS) experiments were conducted
with a 10 mW HeNe laser, with wavelengthλlight ) 633 nm, directed
through samples placed in a temperature-controlled heating unit.
Scattered light was focused on a detector in the range of 4.33×
10-4 nm-1 < q < 1.85 × 10-3 nm-1 using a beam stop and a
focusing lens. (The definition ofq given above holds for both light
and neutron scattering.) Instrumental details are given in ref 1. The
intensity was monitored as a function of time after the sample was
heated in a stepwise manner from one predetermined temperature
to another. The upper temperature limit of the SALS sample holder
was 250°C.

3. Definitions and Theory

We use a reference volumeV ) 100 Å3, which is roughly
the volume of a C4 repeat unit of our components, as the basis
for defining the following parameters: the Flory-Huggins
interaction parametersømn (m, n ) A, B, C), the number of
reference volume units per chain of each component (Nj), and
the statistical segment lengths of the components (lm), which
describe the dependencies of the radius of gyration onNj. Since
the polymer density is temperature dependent,Nj is also
temperature dependent.

Our methods for utilizing Flory-Huggins theory (FHT), the
random phase approximation (RPA), and self-consistent field
theory (SCFT) to describe multicomponent A/B/A-C blends
have been previously discussed in refs 4 and 5. The only input
parameters needed to utilize these theories are theømn and lm
parameters, which have been previously determined from
homogeneous binary blends and are tabulated in ref 5. Our
SCFT calculations are carried out in 1 dimension, and the effect
of concentration fluctuations is neglected. We thus do not
differentiate between different microphase-separated states such
as microemulsions and lamellae.

4. Results and Discussion

All of the blends discussed in this paper contain the same
homopolymers: A is dPB89(24) and B is PIB(24). In addition,
the ratio of the volume fractions of A and B homopolymers is
fixed; φA/φB ) 0.972( 0.002. The thermodynamic properties
of the binary A/B blend withφA/φB ) 0.972 are thoroughly
discussed in ref 5. This is the critical blend composition,
calculated on the basis of the Flory-Huggins theory. At 25°C,
the blend is homogeneous. At 27°C and above, the blend is
macrophase-separated. An interesting property of our A/B blend
is thatøAB is nearly independent of temperature. Thus,øABNAVE

is only slightly greater than 2.0 in the temperature range of
interest (øABNAVE ) 2.04-2.60 for T ) 27-200 °C); 1/NAVE

) [1/(2NA
1/2) + 1/(2NB

1/2)]2.
We begin with a description of results obtained by adding

the A-C diblock copolymer hPBPB(79-66) to the critical A/B
mixture described above. These A/B/A-C multicomponent
mixtures are labeled Mxy where xy is the vol % of the
hPBPB(79-66) copolymer in the mixture. While we cover a
wide range of surfactant concentrations (φA-C ) 0.01-0.50),
we are particularly interested in the phase behavior of mixtures
with low surfactant concentrations (φA-C ) 0.01-0.05). In this
limit, we study the effect of the molecular weight of the
surfactant by conducting additional studies on A/B/A-C
mixtures with hPBPB(88-93) (series A) and hPBPB(240-192)
(series B) as the surfactant. The compositions of all of the
multicomponent blends covered in this paper are given in
Table 2.

4.1. SANS and SALS Data from A/B/A-C Mixtures
Containing hPBPB(79-66). Blend M05, annealed at 150°C
and then cooled to room temperature, showed standard signa-

Table 1. Characterization of Polymersa

name Mw (kg/mol) N PDI F (g/mL) % 1,2-addition nD

hPB89(24) 24.1 464 1.01 0.8636 90.4 NA
dPB89(24) 25.3 464 1.01 0.9070 90.4 2.79
PIB(24) 24.0 437 1.05 0.9131 NA NA
hPBPB(79-66) 78.5-65.4 1510-1263 1.01 0.8639 89.7-63.9 NA
hPBPB(88-93) 88.4-92.9 1699-1797 1.02 0.8629 89.9-65.3 NA
hPBPB(240-192) 240-192 4614-3712 1.06 0.8629 86.5-61.5 NA

a Mw is the weight-averaged molecular weight,N is the number of reference volume units per chain based on a reference volume of 100 Å3, PDI ) Mw/Mn

whereMn is the number-averaged molecular weight,F is the average density, andnD is the number of deuterium atoms per C4 repeat unit.
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tures of single-phase systems. This is shown in Figure 1a where
SANS profiles from M05 at selected temperatures between 31
and 130°C obtained during a heating run are shown. At 31°C,
we see a broad SANS peak atq ) 0.061 nm-1 and a wide SANS
plateau at lowq. Qualitatively similar data were obtained at 51
°C (data not shown for brevity). The scattering profiles at 31
and 51°C are very similar to those obtained from periodic
microemulsions,67,68 and we thus use the well-established
Teubner-Strey (T-S) equation67 to analyze the SANS data
obtained at these temperatures. The T-S equation for the
scattering intensity is

where a, b, and c are fitting parameters. We useIbgd(q) to
account for the fact the T-S equation was developed for oil/
water microemulsions and thus does not account for scattering
contributions due to the connectivity of polymer chains.Ibgd(q)
is assumed to be of the formIbgd(q) ) (eq2 + g)-1, wheree
andg are fitting constants. We do not have rigorous justification
for the proposed splitting ofI(q). The fitting constants enable
determination of the domain spacing,d, correlation length,ê,
and amphiphilicity factor,fa, given by

The curve through the 31°C data in Figure 1a shows the least-
squares fit to the T-S equation. The T-S parameters obtained
from the fit are given in Table 3. Heating the sample to 70°C
results in a significant increase in the low-q scattering, as shown
in Figure 1a. However, the scattering profile in theq > 0.04
nm-1 region is consistent with the T-S equation. The solid
curve through this portion ofI(q) at 70°C shows the T-S fit.
The increased low-q scattering leads us to conclude that M05
is macrophase-separated at 70°C. We were unable to determine
whether the phase-separated state comprises two or three
coexisting phases. The Gibbs phase rule requires the presence
of a two-phase region adjacent to the single-phase state. The
applicability of T-S analysis to the high-q 70 °C data suggests
that one of the macrophases is a microemulsion. This qualitative
behavior is also seen at 90°C (Figure 1a). The SANS profile

at 110°C contains a shoulder atq ∼ 0.04 nm-1, indicating the
possible presence of a periodic phase. However, the data are
inconsistent with the T-S equation over the accessibleq range.
At 130 °C, all evidence of the presence of a periodic phase are
lost, and the sample is clearly macrophase-separated (Figure
1a).

In order to confirm that the periodic microemulsion phase at
31 °C (Figure 1a) was the equilibrium morphology, we
conducted three separate SANS experiments. In experiment 1,
the blend was prepared at 90°C and transported to NIST at
room temperature. When examined by SANS at 31°C, this
sample exhibited the standard characteristics of a phase-
separated sample; i.e., the SANS profile was similar to that seen
at 130°C in Figure 1a. Nevertheless, we heated the sample in
steps to 200°C, recorded SANS data wherein phase separation
was seen at all temperatures, and then cooled the sample to
room temperature. To our surprise, we found that the SANS
profile obtained at room temperature was typical of a micro-
emulsion. In order to probe the behavior of M05 further, we
conducted experiment 2, in which a new blend of M05 was
annealed at 150°C, transported to NIST at room temperature,
and studied as a function of increasing temperature. In experi-
ment 3, the same sample used in experiment 2 was placed back
in the SANS instrument and studied a second time as a function
of increasing temperature. The data shown in Figure 1a were
obtained from experiment 3. The results of experiment 2 are
summarized in Figure 1b, where we showI(q). Once again we
see a broad primary scattering peak atqSANS-peak) 0.061 nm-1

at 30 °C. It is worth noting that the location of the primary
scattering peak, the width of the primary peak, and the absolute
peak intensity obtained from the experiments 2 and 3 are in
good agreement. We see some differences at both low and high
q. In particular, a second-order peak atq2 ) 2.8qSANS-peakwas
obtained in experiment 2. We do not know the reason for the
appearance of this peak. Heating M05 in experiments 2 and 3
led to macrophase separation above 90°C. The consistency of
the results of experiments 2 and 3 indicates that the equilibrium
morphology at 31°C is a microemulsion. The instrument
configuration used for experiment 2 did not allow access toq
values low enough to see the incipient signature of macrophase
separation seen at 70-90 °C in Figure 1a. T-S fit parameters
obtained from experiments 2 and 3 were within 10% at all
temperatures. We thus conclude that sample M05 readily attains
the equilibrium microemulsion morphology when annealed at
150 °C but not when annealed at 90°C. The data in Figure 1a
show that at 90°C M05 exhibits complex coexisting phases
including a microemulsion, while at 150°C the sample is
completely macrophase-separated. It appears equilibration at 30

Table 2. Compositions of Multicomponent Blends

blend component A component B component A-C φA φB φA-C

M03 dPB89(24) PIB(24) hPBPB(79-66) 0.478 0.492 0.030
M04 dPB89(24) PIB(24) hPBPB(79-66) 0.473 0.487 0.040
M05 dPB89(24) PIB(24) hPBPB(79-66) 0.468 0.482 0.050
M10 dPB89(24) PIB(24) hPBPB(79-66) 0.443 0.457 0.100
M20 dPB89(24) PIB(24) hPBPB(79-66) 0.394 0.406 0.200
M30 dPB89(24) PIB(24) hPBPB(79-66) 0.345 0.355 0.300
M40 dPB89(24) PIB(24) hPBPB(79-66) 0.296 0.305 0.400
M50 dPB89(24) PIB(24) hPBPB(79-66) 0.246 0.254 0.500
A03 dPB89(24) PIB(24) hPBPB(88-93) 0.478 0.492 0.030
A04 dPB89(24) PIB(24) hPBPB(88-93) 0.473 0.487 0.040
A05 dPB89(24) PIB(24) hPBPB(88-93) 0.468 0.482 0.050
B01 dPB89(24) PIB(24) hPBPB(240-192) 0.488 0.502 0.010
B02 dPB89(24) PIB(24) hPBPB(240-192) 0.483 0.497 0.020
B03 dPB89(24) PIB(24) hPBPB(240-192) 0.478 0.492 0.030
B04 dPB89(24) PIB(24) hPBPB(240-192) 0.473 0.487 0.040
B05 dPB89(24) PIB(24) hPBPB(240-192) 0.468 0.482 0.050

I(q) ) 1

a + bq2 + cq4
+ Ibgd(q) (1)

ê ) [12(ac)1/2
+ b

4c]-1/2
(2)

d ) 2π[12(ac)1/2
- b

4c]-1/2
(3)

fa ) b

2xac
(4)
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°C is facilitated by starting with the completely phase-separated
state at 150°C.

The M05 sample was uniformly cloudy when observed by
the naked eye at room temperature. This is not surprising
because the SANS data indicate the presence of a periodic
structure with a characteristic length of about 100 nm. This
length scale is only a factor of 4 smaller than the wavelength
of visible light. We have made similar observations in our
previous studies of lamellar and microemulsion phases obtained
from A/B/A-C mixtures.2 Ultra small-angle scattering (US-
ANS) experiments conducted on the BT5 beamline at NIST at

T ) 30 °C indicated no signs of macrophase separation in blend
M05. Therefore, the lack of optical clarity is related to the large
domain size of the microemulsion phase rather than two-phase
coexistence. An approximately 100µm thick sample, when
observed in an optical microscope, was featureless and clear at
30 °C, presumably due to the low optical contrast between the
PIB-rich and the hPB89-rich phases. In contrast, phase-separated
domains were readily observed with the naked eye and in an
optical microscope for the M00 binary blend at 30°C.

SALS data were also obtained from blend M05 (prepared at
150°C) and are shown in Figure 2. The SALS intensity, which
is low at low temperatures, increases abruptly between 50 and
70 °C. This change in the SALS signal is thus correlated with
the increase in low-q scattering in the SANS data at 70°C. A
second abrupt change in the SALS signal occurs atT >110°C.
This appears to be correlated to the disappearance of the periodic
structure observed in the SANS data. The SALS data provide
additional support for our conclusions regarding the phase
behavior of M05: microemulsion atT e50 °C, macrophase
separation in which one of the phases is a microemulsion from
50 °C < T < 110 °C, and macrophase separation without a
coexisting periodic structure atT g110 °C.

SANS data from blends M03 (annealed at 35 and 150°C)
and M04 (annealed at 90°C) showed standard signatures of

Figure 1. (a) SANS data obtained from blend M05 (annealed at 150
°C, second time heated in SANS instrument, at selected temperatures:
31 (O), 70 (0), 90 (]), 110 (×), and 130°C (+). The scattering
intensities have been multiplied by the following factors to better
delineate the data sets: 10 (70°C), 102 (90 °C), 103 (110 °C), 105

(130 °C). The solid lines at 31, 70, and 90°C are the Teubner-Strey
scattering profile fit to the data. (b) SANS data obtained from blend
M05 (annealed at 150°C) at selected temperatures: 30 (O), 71 (0),
91 (]), 111 (×), and 132°C (+). The scattering intensities have been
multiplied by the following factors to better delineate the data sets:
10 (71°C), 102 (90 °C), 103 (111°C), 105 (132°C). The solid lines at
30, 71, and 91°C are the Teubner-Strey scattering profile fits to the
data. The arrows indicate the locations ofqSANS-peak and q2 )
2.8qSANS-peak at 30°C.

Table 3. Teubner-Strey Fitting Parameters for M-Series Blends

blend
T

(°C) a (cm)
b (cm
nm2)

c (cm
nm4) d (nm) ê (nm) fa

M30 90 0.0245 -3.73 153.05 56.39 66.05 -0.963
M30 112 0.0309 -4.30 171.22 55.13 47.72 -0.935
M30 131 0.0347 -4.43 183.37 55.29 34.55 -0.878
M30 150 0.0331 -3.87 182.71 57.30 26.31 -0.787
M20 90 0.0118 -2.15 110.73 62.78 58.43 -0.940
M20 112 0.0128 -2.24 118.59 63.07 45.59 -0.909
M20 131 0.0113 -1.96 120.73 66.66 36.01 -0.839
M10 30 0.0025 -0.69 56.42 78.48 59.50 -0.919
M10 50 0.0022 -0.63 55.67 81.36 55.95 -0.900
M10 70 0.0021 -0.63 60.00 84.15 54.05 -0.887
M10 90 0.0019 -0.60 64.20 88.37 51.39 -0.859
M10 112 0.0014 -0.51 68.43 98.15 49.64 -0.824
M05 30 0.0017 -0.67 88.90 98.87 60.72 -0.862
M05 51 0.0015 -0.54 74.13 98.98 49.73 -0.810
M05 70 0.0014 -0.47 73.20 101.98 41.58 -0.734
M05 90 0.0010 -0.28 72.93 118.26 32.83 -0.518

Figure 2. SALS intensity (averaged over a range ofq-values and
normalized by the sample thickness) is given as a function of
temperature for blend M05 (annealed at 150°C).
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macrophase separation at 30°C. We thus conclude that we need
at least 5 vol % of the A-C block copolymer to organize our
A/B mixtures, i.e.,φs,min ) 0.045( 0.005.

The SANS data obtained from blend M10 at selected
temperatures are shown in Figure 3. We obtain a microemulsion
phase at temperatures between 30 and 112°C. The solid curves
in Figure 3 show typical T-S fits through the data. The SANS
data at 131°C cannot be fit by the T-S equation. At 150°C,
we see clear signs of macrophase separation. Complementary
SALS experiments indicated a macrophase separation transition
at 132( 5 °C, which is consistent with the SANS data. The
SALS data of M10 (and all of the other samples) were consistent
with SANS and thus not shown for brevity.

SANS data obtained from blends M30 and M20 are similar.
We thus only show SANS data obtained from M30 at selected
temperatures in Figure 4a. At 30°C, we see a sharp primary
scattering peak. The peak cannot be fit by the T-S equation.
Following arguments in refs 4 and 5, we conclude that M30
has a lamellar phase at 30°C. We expect a very weak second-
order peak corresponding to a lamellar phase due to the
symmetric composition of our A/B/A-C blend. Other factors
such as the extent of long-range order also affect our ability to
detect higher order peaks. Heating M30 to 112°C results in a
significant broadening of the primary SANS peak (Figure 4a),
which is consistent with the T-S equation. We take this as a
signature of a microemulsion. The microemulsion gives way
to a phase-separated state when M30 is heated to 169°C. The
location of the macrophase separation transition was confirmed
by SALS.

The ability to observe a higher order peak is often affected
by thermal history. After the SANS data shown in Figure 4a
were obtained, the blend was then cooled down to-10 °C.
The data obtained from blend M30 at-10 °C are shown in
Figure 4b. We find a primary and second-order scattering peak
corresponding to a lamellar phase. The two peaks persist when
the sample is heated to room temperature. This indicates that
our conclusion of the existence of a lamellar phase in the
preceding paragraph, based solely on the analysis of the primary

SANS peak, is sound. This is important because the thermal
history needed to obtain higher order peaks in multicomponent
mixtures is not at all obvious. In many cases, e.g., ref 5, we
were unable to obtain higher order scattering peaks from A/B/
A-C lamellar phases.

The analysis of SANS and SALS data from M40 and M50
are discussed in ref 5. The main difference between blends M40/
M50 and M30 is the existence of a homogeneous phase at
temperatures between the microemulsion and macrophase-
separated states.

In Table 3 we summarize the T-S parameters obtained from
all of the microemulsion phases in this series of A/B/A-C
mixtures. In Table 4 we give the experimentally determined
phase transition temperatures of the mixtures, determined by
SANS and SALS. In all cases, we find excellent agreement in

Figure 3. SANS data obtained from blend M10 at selected temper-
atures: 30 (O), 70 (0), 112 (]), 131 (∆), and 150°C (tilted 4). The
scattering intensities have been multiplied by the following factors to
better delineate the data sets: 10 (70°C), 102 (112 °C), 103 (131 °C),
105 (150 °C). The solid lines at 30, 70, and 112°C are the Teubner-
Strey scattering profile fit to the data.

Figure 4. (a) SANS data obtained from blend M30 upon heating at
selected temperatures: 30 (O), 70 (]), 112 (∆), 150 (tilted4), and
199 °C (0). The scattering intensities have been multiplied by the
following factors to better delineate the data sets: 10 (70°C), 102 (112
°C), 103 (150°C), 104 (199°C). The solid lines at 112 and 150°C are
the Teubner-Strey scattering profile fits to the data. (b) SANS data
obtained from blend M30 upon cooling:-10 (O), 10 (0), 23 °C (∆).
The arrows indicate the locations ofqSANS-peak andq2 ) 2qSANS-peak.
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the microemulsion-to-macrophase separation transition (Mf
P) temperatures determined from SANS and SALS.

4.2. Comparing Theoretical Predictions with Experiments.
One-dimensional SCFT calculations were conducted for blend
M05, using methods thoroughly described in refs 4 and 5. All
of the ø parameters and statistical segment lengths needed for
these calculations are given in ref 5. As shown in ref 5, our
calculations distinguish between a homogeneous phase, mi-
crophase separation, and macrophase separation, but not between

lamellar and microemulsion phases. In Figure 5a we compare
the domain spacingd obtained by SCFT with our experimental
results for M05. The vertical lines in Figure 5a indicate the
location of the experimentally determined phase transitions. The
domain spacings based on the SANS data are also shown in
Figure 5a (open circles), in whichdexpt ) 2π/qSANS-peakwhere
qSANS-peak is the location of the primary scattering peak. The
errors on all of thed-spacings determined from SANS reported
in this paper are less than 1%. Both experiments and SCFT
show a large increase in thed-spacing as the temperature
approaches macrophase separation from below. SCFT predicts
the formation of periodic phases up to 90°C. This is in contrast
to the experimental results indicating the presence of complex
coexisting phases in M05 at temperatures between 70 and 90
°C. Besides this minor disagreement, the agreement between
theory and experiment in Figure 5a is remarkably good. In
Figure 5b we compare SCFT and experimentald-spacings
obtained from M10. Both theory and experiment show an
increase ind with increasing temperature up to the macrophase

Table 4. Experimental Phase Transition Temperatures (°C) in
M-Series Multicomponent Blendsa

blend Lf M (SANS) M f P (SANS) Mf P (SALS)

M30 80( 10 160( 10 164( 5
M20 80( 10 141( 10 151( 2.5
M10 NA 121( 10 132( 5
M05 NA 60 ( 10 52( 2.5

a L is a lamellar phase, M is a microemulsion phase, and P is macrophase-
separated. SANS is small-angle neutron scattering, and SALS is small-
angle light scattering.

Figure 5. Domain spacing as a function of temperature for blends (a) M05, (b) M10, (c) M20, and (d) M30 as determined by SANS withd )
2π/qSANS-peak (O) and predicted by SCFT (dotted line). The vertical lines indicate phase transitions determined from SANS and SALS data. L is
lamellae, M is a microemulsion, and P is macrophase-separated.
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separation transition. The experimentally observed increase in
d from 80 to 106 nm as temperature is increased from 30 to
120 °C is less pronounced than the theoretical predictions. An
interesting qualitative change is seen when the surfactant
concentration is increased to 20 vol %. As shown in Figure 5c,
the experimentally determinedd spacing of M20 initially
decreases with temperature, reaches a minimum of about 63
nm at 80 °C, and then increases with further increase of
temperature. The SCFT calculations capture all aspects of this
behavior. In Figure 5d, we show data obtained from M30, which
also shows nonmonotonic changes ind with temperature. The
statistical segment lengths are weak and monotonic functions
of temperature. The nonmonotonic temperature dependence of
d seen in Figure 5c,d is entirely due to the fact thatøAB and
øAC decrease with increasing temperature whileøBC increases
with increasing temperature.

The location of the microphase-to-macrophase separation
transition,Tp, seen in M05-M30 can also be predicted by SCFT.
The results of the calculations are similar for all of the samples
so we discuss one sample, M30, in detail. We used three
different methods to locateTp:

(1) The equilibriumd-spacing at a given temperature was
obtained by imposing a given value ofd on the system with
appropriate boundary conditions, obtaining the composition
profile of the components consistent with those constraints using
SCFT, and finally calculating the free energy of the system.
The equilibrium value ofd is given by one that minimizes the
free energy (see ref 4 for details). For M30, at temperatures
g160 °C, our numerical SCFT scheme did not converge on a
profile consistent with the imposed constraints, regardless of
the value ofd. The inability to reach numerical convergence is
most likely due to the formation of a macrophase-separated state.
In contrast, we have no problems obtaining convergence at
temperaturese150°C, and the results shown in Figure 5d were
obtained from these calculations. We thus take 155( 5 °C as
one estimate ofTp based on thed-spacing method.

(2) In the second method, we compare the free energy of the
lamellar phase calculated from SCFT to the free energy of
homogeneous and macrophase-separated states calculated with
Flory-Huggins theory (FHT).5 The free energies are not shown
for brevity, but a similar analysis was conducted on a different
A/B/A-C system in ref 4. At low temperatures (T e130 °C),
the lamellar phase has the lower free energy, and at high
temperatures (T g140°C), the macrophase-separated state has
the lower free energy. The free energy of the homogeneous
phase is larger than both at all temperatures. Thus,Tp for M30
is 135( 5 °C, based upon the comparison of free energies.

(3) The third method involved calculating the interfacial
tensionγ between the two coexisting phases at temperatures
above Tp. Our method for determiningγ using SCFT is
described in ref 4, and thusγ for blend M30 is not shown for
brevity. The formation of high surface area structures such as
lamellar phases occurs when the surface tension is vanishingly
small. We thus extrapolateγ f 0 to be another indication of
the transition to an organized phase. This givesTp ) 134 °C
for M30.

The above three methods should result in the same value for
Tp. The fact that our implementation of the three different
methods give three slightly different answers is, perhaps, not
surprising, due to the numerical nature of SCFT calculations.
Lacking a better alternative, the theoretical estimate ofTp is
taken to be the average of these three calculations. For M30,
we obtainTp ) 141( 5 °C. The experimental value ofTp from
SALS for M30 was 164( 5 °C. The fact that the experimental

and theoretical values ofTp are within 15°C is reasonable, given
the experimental errors in the input parametersømn, lj, andNj

and the assumptions made for the theoretical calculations (1d
calculation, use of binaryø’s and l’s, effect of polydispersity
[PDI for all polymers is<1.1], etc.).

The results of these three methods for calculatingTp for all
of the blends discussed above are given in Table 5. In the case
of M20, M10, and M05, the values ofTp obtained by methods
1, 2, and 3 are within the precision of our calculations. It is
important to note that for these blends the free energy of the
lamellar phase was lower than the free energy of the mac-
rophase-separated phase for all temperatures that a domain
spacing was converged upon with SCFT. Thus, methods 1 and
2 in these cases give the exact same results. For blends M30,
M20, and M10, the theoretically predicted value ofTp (Table
5) is in reasonable agreement with the experimental result (Table
4). For blend M05, the theoretical results predict microphase
separation when the experimental data indicate coexistence
between a microemulsion and macrophase separation (50-70
°C), and thus the experimental and theoretical determinations
of Tp differ.

In the case of blend M03, the interfacial tension calculation,
the value ofTp obtained using method 3 was 88°C. Thus,
method 3 predicts the formation of periodic phases atT < 88
°C in M03. However, our SCFT calculations of thed-spacing
failed to converge at 30°C. We only find such gross
inconsistencies between the results of the three methods
described above when the block copolymer concentration is very
low. We do not know the origin of this problem. We speculate
that this may be related to numerical difficulties associated with
SCFT calculations of periodic phases with very larged-spacings.
It is also important to note that experimentally we did not find
any evidence of single-phase behavior in M03. It is conceivable
that M03 is macrophase separated at equilibrium, and there is
a genuine disagreement between the results of method 3 and
experiments. It is also possible that thed-spacing of M03 is
larger than the upper length scale limit (i.e., low-q limit) of our
SANS instrument or that our annealing protocol did not lead to
equilibration of M03. It is, perhaps, worth noting that we
discovered the annealing history that led to equilibration of M05
by serendipity.

The SCFT results obtained for blends M40 and M50 in this
series are discussed in ref 5. In that paper, we only used
theoretical method 2 to determineTp. Method 3 cannot be used
due to the presence of an intervening homogeneous phase
between the microphase-separated and macrophase-separated
states. Extrapolating the temperature-dependentγ values for
M40 and M50 toγ ) 0 led to estimates of the phase transition
temperatures that were very close to the observed microemul-
sion-to-homogeneous phase transition temperature, rather than
Tp. The proximity of blend M30 to the homogeneous phase
might help explain why the three methods of determiningTp

Table 5. Microphasea to Macrophase-Separated Transition
Temperatures (°C) in M-Series Multicomponent Blends

blend

Tp

(d-spacing,
SCFT)

Tp

(γ calculation,
SCFT)

Tp

(free energy
comparison)

Tp

average

M30 155( 5 134 135( 5 141( 5
M20 125( 5 130 125( 5 127( 5
M10 115( 5 119 115( 5 116( 5
M05 95( 5 104 95( 5 98( 5

a All microphase-separated states are modeled as a lamellar phase with
self-consistent-field theory (SCFT). The values ofTp can be compared to
the experimental microemulsion to macrophase-separated state (Mf P)
transition reported in Table 4.
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were less in agreement for blend M30 than the other blends
(M05, M10, and M20).

The phase diagram of our A/B/A-C system containing
hPBPB(79-66) is drawn in Figure 6. The lamellar to micro-
emulsion transitions (squares) were determined utilizing SANS
experiments and the T-S equation. Microemulsion to homo-
geneous phase transitions (triangles) were determined using
SANS experiments and the RPA predictions, as described in
ref 5. The onset of macrophase separation at elevated temper-
atures was determined by SANS (circles) and SALS (diamonds).
The dashed lines simply connect experimental data. The×
symbols represent the theoretical calculation ofTp for blends
M05-M50, and the solid line is a linear fit through the×
symbols.

While the agreement between theory and experiment in Figure
6 is not perfect, it is clear that the most important experimental
result, the addition of hPBPB(79-66) to the phase-separated
A/B blend leading to a wide single-phase window that extends
all the way to 5 vol % block copolymer, is accurately captured
by our theoretical framework.

4.3. Effect of Changing Molecular Weight of Block
Copolymer Surfactant. With the success of creating an
organized single-phase blend with only 5% of hPBPB(79-66),
we examined the possibility of creating blends with even smaller
surfactant concentrations. We found that the concentration of
surfactant necessary for creating an organized blend was reduced
when the molecular weight of the A-C surfactant was increased.
The first diblock copolymer we utilized was hPBPB(88-93).
We will label blends containing this diblock copolymer as Axy,
wherexy is the volume percent of diblock copolymer in the
blend. The second diblock copolymer was hPBPB(240-192),
and blends containing this diblock copolymer were labeled Bxy.

The SANS profiles for blend A05 are shown in Figure 7.
This blend was annealed at 35°C. Similar to blend M05, blend
A05 was cloudy at 30°C. We find a strong primary peak
(located atqSANS-peak ∼ 0.06 nm-1) at temperaturese133 °C
with no evidence of increased low-q scattering. In addition, the
data in the vicinity of the primary peak were consistent with
the T-S equation. Heating A05 from 133 to 153°C clearly
leads to macrophase separation (Figure 7). We thus conclude
that blend A05 is single phase at temperatures between 30 and
133°C. While agreement with the T-S equation is the generally
accepted signature of a microemulsion, there is a weak shoulder
at q2 ∼ 2.5qSANS-peak. We do not have a definitive explanation
for this feature. We note that the temperature window over
which organized phases are obtained in A05 (30-133 °C) is
significantly wider than that of M05 (31-51 °C). Increasing
the molecular weight of the A-C surfactant thus increases the
window over which organized phases are obtained. Theoretical
calculations forTp were also conducted following the three
methods described in this paper, and the average value was 125
( 5 °C. It is interesting to note that in contrast to blend M05,
when blend A05 was annealed in the macrophase-separated
state, at 150°C, we were unable to recover the microphase-
separated state at low temperatures. The thermal history that
promotes the formation of single-phase morphologies in A/B/
A-C blends with 5 vol % block copolymer (or less) was
identified entirely by trial and error. In contrast, the structures
of blends withg10 vol % diblock copolymer were not sensitive
to the thermal history.

Blends A03 (annealed at 35°C) and A04 (annealed at 90
°C) were also studied with SANS but were found to be
macrophase separated. This is similar to the results obtained
from blends M03 and M04, which were also macrophase
separated at all temperatures. Thus, while the larger diblock
copolymer increases the temperature window of microphase
separation in the 5% diblock copolymer blend, it does not
decrease the minimum diblock copolymer concentration needed
for forming organized phases. Thus,φs,min for both the M-series
blends and the A-series blends is 0.045( 0.005. Similar to
blend M03, the theoretical calculation ofTp for blend A03 was

Figure 6. A/B/A-C phase diagram is shown. L) lamellar phase, M
) microemulsion, H) homogeneous, and P) macrophase-separated.
The phase transition to the macrophase-separated state was determined
with both SANS (O) and SALS (]). The transition from the
microemulsion to homogeneous phase was determined with RPA and
SANS (∆). For the binary blend, the transition from the homogeneous
phase to macrophase-separated state was determined with RPA and
SANS (∆). The lamellar phase to microemulsion transition was
determined with SANS (0). The theoretical calculations ofTp (the
microphase-to-macrophase separated transition temperature) are indi-
cated by the× symbols, and a linear fit is indicated by the solid line
through the× symbols. Solid lines indicate transitions based upon
theoretical calculations. The dashed line (- - -) connects data points from
experimentally determined transitions. The dotted lines (‚‚‚) indicate
phase boundaries determined by comparing blends with different
diblock copolymer concentrations at the same temperature.

Figure 7. SANS data obtained from blend A05 at selected tempera-
tures: 30 (O), 71 (0), 112 (]), 133 (×), and 153°C (+). The scattering
intensities have been multiplied by the following factors to better
delineate the data sets: 10 (71°C), 102 (112 °C), 103 (133 °C), 104

(153°C). The solid lines at 30, 70, 112, and 133°C are the Teubner-
Strey scattering profile fits to the data. The arrows indicate the locations
of qSANS-peak andq2 ) 2.8qSANS-peak at 30°C.
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only possible when utilizing method 3. This calculation resulted
in Tp ) 85 °C.

A series of blends were studied containing 1-5 vol % of the
hPBPB(240-192) diblock copolymer. All of these B-series
blends were annealed at 90°C during the sample preparation
process. When viewed by the naked eye at 30°C, all of the
B-series samples were significantly clearer than M05 and A05.
Blend B05, containing 5 vol % of hPBPB(240-192), was
analyzed with SANS, and the resulting data are shown in Figure
8. Clear evidence for the presence of organized microphases is
seen between 30 and 70°C. The SANS profiles forT ) 90-
169°C were consistent with the T-S equation (data are shown
at 90 and 169°C only in Figure 8 for brevity). However, the
primary peak is not seen in the accessibleq-window, and thus
we are not certain about the structure of B05 in this temperature
window. Similar to blends M03 and A03, it was only possible
to use method 3 (the interfacial tension calculation) to determine
Tp. This is true for all of the blends containinge5 vol % of
hPBPB(240-192), and thus only method 3 will be discussed
for the B-series blends. For B05,Tp ) 160 °C based upon
method 3. The theoretical values ofTp for all of the B-series
blends are given in Table 6.

SANS data obtained from blend B01, with 1 vol % hPBPB-
(240-192), are shown in Figure 9a. At 30°C, a periodic
microphase is observed. The solid curves in Figure 9a are T-S
fits through the data. We thus observe the formation of
microemulsions down to 1 vol % block copolymer, i.e.,φs,min

< 0.01. To our knowledge, this is the lowest value ofφs,min

obtained. For oil/water mixtures,φs,min ) 0.07 when a single

small molecule nonionic surfactant is used9 andφs,min ) 0.03
when polymer efficiency boosters are added in addition to the
small molecule surfactant.69 For A/B/A-B blends the experi-
mentally determined value ofφs,min ) 0.09.25,26,55 (While
theoretical predictions ofφs,min < 0.09 have been made,43 we
are unaware of any experimental results where homogeneous
blends are obtained withφs less than 0.09.) Above 50°C, a
peak is not observed in B01, although the scattering curves are
consistent with the T-S equation (solid curves in Figure 9a).
Whether this is due to macrophase separation or due to limited
q-window of the SANS instrument remains to be determined.

The dashed curves in Figure 9b show the SCFT calculation
of the d-spacing for all of the B-series blends as a function of
temperature where convergence was obtained. The symbols in
Figure 9b are thed-spacings determined from the SANS peak.

Figure 8. SANS data obtained from blend B05 at selected tempera-
tures: 29 (O), 49 (0), 70 (]), 90 (×), and 169°C (+). The scattering
intensities have been multiplied by the following factors to better
delineate the data sets: 10 (49°C), 102 (70 °C), 103 (90 °C), 104 (169
°C). The solid lines are the Teubner-Strey scattering profile fits to
the data.

Table 6. Microphasea to Macrophase-Separated Transition
Temperatures (°C) in B-Series Multicomponent Blends

blend Tp (γ calculation, SCFT)

B05 160
B03 151
B02 146
B01 136

a All microphase-separated states are modeled as a lamellar phase with
self-consistent-field theory (SCFT).

Figure 9. (a) SANS data obtained from blend B01 at selected
temperatures: 30 (O), 50 (0), 70 (]), and 90°C (×). The scattering
intensities have been multiplied by the following factors to better
delineate the data sets: 10 (50°C), 102 (70 °C), 103 (90 °C). The solid
lines are the Teubner-Strey scattering profile fits to the data. (b)
Domain spacing as a function of temperature in the microemulsion
phase as determined by SANS withd ) 2π/qSANS-peak (symbols) and
predicted by SCFT (dashed curves) for blends B01 (]), B02 (0), and
B03 (O). The domain spacings for all three blends are roughly the same
value at 30°C.
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At 50 °C, the experimentally determinedd-spacings increase
as block copolymer concentration is decreased. While the
d-spacing obtained from B01 at 50°C differs significantly from
the theoretical prediction, the overall dependence ofd on
copolymer concentration is in excellent agreement with theoreti-
cal predictions. At 30°C, the experimentally determined
d-spacings for all three blends were within experimental error.
(The values cannot be distinguished from one another in Figure
9b.) We cannot address this finding theoretically due to the lack
of convergence of our SCFT calculations. At temperatures above
50 °C, there is excellent quantitative agreement between theory
and experiment for the case of B03. For the other samples, we
were unable to determined from experiments. It is worth noting,
however, that the upper limit of periodic length scales that can
be determined by our SANS instrument is 600 nm, and many
of the predictedd-spacings for B01 and B02 are either close to
this limit or exceed it. We thus see large discrepancies between
the experimental and theoretical values of thed-spacing for most
blends withφdiblock e 0.05 in the A-, B-, and M-series blends.
It is clear that more complete theories are needed to capture
the thermodynamics of A/B/A-C mixtures with low values of
φA-C.

5. Conclusion

A-C surfactants were designed to organize weakly segre-
gated A and B homopolymers by tuning attractive and repulsive
interactions. The minimum concentration of surfactant required
to form organized microphases,φs,min, was found to be<0.01
for a weakly segregated homopolymer system. This value of
φs,min is significantly less than what is observed in A/B/A-B
polymer systems as well as oil/water/nonionic surfactant
systems. Mean field theories were used to predict the phase
behavior and domain size of organized microphases. When
φdiblock g 0.10, there was excellent agreement between the
theoretical domain size and experiment. With small quantities
of diblock copolymer, i.e.,φdiblock < 0.10, the theory under-
predicted the size of domains, indicating the need for more
complex theoretical models to describe these systems. However,
the success of the theory in capturing the phase behavior of the
majority of the blends indicates that it can be used as a powerful
tool to guide future experiments on designing A-C surfactants
for weakly segregated A/B blends. Whether these experimental
and theoretical methods will also apply to designing A-C
surfactants for highly immiscible homopolymers has yet to be
determined.
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